Abstract: Efficient machining of the polyester nanocomposite components requires a better understanding of machinability characteristics of such material, which has become an urgent requirement for modern industrial production. In this research, the micro-milling of polyester/halloysite nano-clay (0.1, 0.3, 0.7, 1.0 wt%) nanocomposites were carried out and the outcomes in terms of tool wear, cutting force, the size effect, surface morphology, and surface roughness were compared with those for plain polyester. In order to accomplish the machining of the material in ductile mode, the required feed per tooth was found to be below 0.3 µm. The degree of surface breakage was also found to decrease in ductile mode. A maximum flank wear VB of 0.012 mm after removing 196 mm 3 of workpiece material was measured.
Introduction
Over the past decade, the polymer/halloysite nano clay nanocomposites have been shown to exhibit significant enhanced physical and mechanical properties, including gas barrier [1, 2] , flammability resistance [3, 4] , and ablation performance [5] . However, the use of halloysite nano clay as a nano filler in polyesters is an attractive proposition, since polyesters are inherently weak materials despite their low cost. Polyester is also the most versatile commonly available thermoset polymer and its use in preparing nanocomposite is cost-effective and adaptable to many applications. However, polyesters are brittle and highly flammable, which limits their use in many industrial applications [6] [7] [8] . In order to expand the range of polyester applications, the material strength of polyester must be improved either by structural modification or by adding nanoparticles. After many years of research in the area of clay-derived nano fillers, the halloysite nano clays have emerged as ideal fillers for the polyester. Earlier, it has been demonstrated that the loading of clay-derived nano fillers can significantly increase the flammability and thermal stability of the polymer matrix [9] [10] [11] . Adding clay-derived nano fillers are also shown to improve mechanical properties, such as fatigue resistance, fracture toughness, tensile strength, abrasion resistance, and coefficient of friction [12] [13] [14] . Clay-derived nano fillers including SiC, Si 3 N 4 , SiO 2 , CaCO 3 , and Al 2 O 3 , have already successfully been added to the polymer [14] [15] [16] to form many new polymer/nano fillers nanocomposites. The combination of halloysite nano clay and polyesters have received increasing attention in the research community and industries due to numerous benefits. benefits mean that halloysite nano clay has the potential to replace expensive nanofillers such as carbon nanotube in developing high-performance polymers and multi-functional nanocomposites [18, 19] . Sharudin et al. [20] have demonstrated that the polymer/halloysite nanocomposites have better flexural properties and surface roughness in comparison to plain polymer. In another study, Saharudin et al. [21] proved that increasing the content of halloysite nano clay in polymer nanocomposite increases its resistance to environmental stress cracking and improves its storage modulus as well. Hence, halloysite nano clay is considered to be a potential enhancer of the material properties of polyester from both economic and performance perspectives [22] .
Due to wide application and the excellent material properties of polymeric nanocomposites, the machinability of polyester/halloysite nano clay nanocomposites have become an urgent requirement for modern industrial production [23] [24] [25] [26] [27] . Most nanocomposites were processed by using a lithography-based technique. However, this manufacturing process is time consuming and costly [28, 29] . Hence, alternative methods are much needed to replace the lithography-based method [30] . Among these, micro machining is considered as an important method to shape nanocomposites. There are four reasons. First, it is easy to achieve high machining accuracy. Second, it is easy to reveal the effect of particle content on cutting performance. Third, it has high cost effective for small scale prototyping. Last, it has the character of low industrial production costs [31] . Therefore, micromachining methods are used to understand the properties of polyester/halloysite nano clay processing and to provide data for future industrial applications.
In relation to the machinability of polymeric composites, since polyester is a brittle material [32] , ductile mode is utilized to evaluate the micro milling process of the composites. Machining-induced defects caused by cutting processing, and plastic deformation inhibit machining-induced defects by controlling cutting parameters [33] . Figure 1 shows the relationship between the feed rate, f f , and subsurface damage depth, l l , during up-milling. As the tool cutting edge exceeds the ductile to brittle transition chip thickness, fractures will occur along the cutting shoulder. As the feed rate decreases, the subsurface damage depth, l l , will be longer as the brittle transition chip thickness, t t , will happen at the cut shoulder the upper milling side. Higher feed rate will force the fracture to be generated closer to the final machined surface. Relationship between feed rate, f f , and subsurface damage depth, l l , during up-milling for (a) low feed rate and (b) high feed rate.
Experimental Setup

Workpiece Material Preparation
Polyester/halloysite nano clay nanocomposite samples were prepared at Northumbria University, Newcastle upon Tyne, UK. An unsaturated Polyester resin (NORSODYNE O12335 AL) was obtained from the East Coast Glass Fiber (Southshields, UK). Halloysite nano clay (Al2Si2O5(OH)4) was used as a reinforcement filler and acquired from Sigma Aldrich (Irvine, UK). It had a tube-like morphology with a density of 2.53 g/cm 3 and a surface area 64 m 2 /g. Halloysite has Figure 1 . Relationship between feed rate, f Z f Z , and subsurface damage depth, l c l c , during up-milling for (a) low feed rate and (b) high feed rate.
Experimental Setup
Workpiece Material Preparation
Polyester/halloysite nano clay nanocomposite samples were prepared at Northumbria University, Newcastle upon Tyne, UK. An unsaturated Polyester resin (NORSODYNE O12335 AL) was obtained from the East Coast Glass Fiber (Southshields, UK). Halloysite nano clay (Al 2 Si 2 O 5 (OH) 4 ) was used as a Nanomaterials 2019, 9, 917 3 of 15 reinforcement filler and acquired from Sigma Aldrich (Irvine, UK). It had a tube-like morphology with a density of 2.53 g/cm 3 and a surface area 64 m 2 /g. Halloysite has low electrical, thermal conductivities and strong hydrogen interactions. Its tubular morphology, high aspect ratio, and low percolation make halloysite a prospective reinforcement for polyester and other polymers.
Although the typical diameter of nano clay particles is between 30 to 70 nm and the length was in range of 1-4 µm [34] , as shown in Figure 2 , the exact dimensions of nano clay particles used in this research were measured using ImageJ software, utilizing the ratio of pixel and length relationship. From the image processing analysis, the average outer diameter was found to be 110.41 nm ± 7.6 nm, and the average length is 630.26 nm ± 62.7 nm. It was technically challenging to obtain information in relation to the inner diameter of the holloysite nano clay, Figure 3 . However, a study by Levis and Deasy have reported that the value of inner diameter for similar halloysite is about 100 nm. low electrical, thermal conductivities and strong hydrogen interactions. Its tubular morphology, high aspect ratio, and low percolation make halloysite a prospective reinforcement for polyester and other polymers.
Although the typical diameter of nano clay particles is between 30 to 70 nm and the length was in range of 1-4 µm [34] , as shown in Figure 2 , the exact dimensions of nano clay particles used in this research were measured using ImageJ software, utilizing the ratio of pixel and length relationship. From the image processing analysis, the average outer diameter was found to be 110.41 nm ± 7.6 nm, and the average length is 630.26 nm ± 62.7 nm. It was technically challenging to obtain information in relation to the inner diameter of the holloysite nano clay, Figure 3 . However, a study by Levis and Deasy have reported that the value of inner diameter for similar halloysite is about 100 nm . The manual mixing and vacuum degassing of polyester resin and nano clay was carried out for 10 min before pouring into a mold. The composites mixture was poured into a silicone mold and cured at room temperature for 24 h, followed by post-curing at temperature of 60 • C in an oven for 2 h to achieve complete crosslinking. The images in Figure 4c -f show the influence of halloysite nano clay in the polyester matrix. It can be observed that no agglomerates were visible, and therefore, the halloysite nano clay particles were homogenously dispersed. Moreover, the maximum clay reinforcement in this research was 1.0 wt% since this is optimal clay reinforcement as reported in our previous work [22] . Dispersing higher clay fraction is also challenging and agglomerations of halloysite nano clays are likely to form, as stress raiser will cause the mechanical properties of composites to deteriorate. Images of the prepared polyester/halloysite nano clay nanocomposite samples with different nano filler contents of 0.1, 0.3, 0.7, and 1.0 wt% as well as plain polyester are shown in Figure 5 . The manual mixing and vacuum degassing of polyester resin and nano clay was carried out for 10 min before pouring into a mold. The composites mixture was poured into a silicone mold and cured at room temperature for 24 h, followed by post-curing at temperature of 60 °C in an oven for 2 h to achieve complete crosslinking. The images in Figure 4c -f show the influence of halloysite nano clay in the polyester matrix. It can be observed that no agglomerates were visible, and therefore, the halloysite nano clay particles were homogenously dispersed. Moreover, the maximum clay reinforcement in this research was 1.0 wt% since this is optimal clay reinforcement as reported in our previous work [22] . Dispersing higher clay fraction is also challenging and agglomerations of halloysite nano clays are likely to form, as stress raiser will cause the mechanical properties of composites to deteriorate. Images of the prepared polyester/halloysite nano clay nanocomposite samples with different nano filler contents of 0.1, 0.3, 0.7, and 1.0 wt% as well as plain polyester are shown in Figure 5 . 
Machine Setup
In the experiment, dry machining was used without air cooling, as shown in Figure 6 . Each workpiece was placed on the machine platform (MTS5R), and machine platform spindle was used for machining the workpiece. The range of spindle speeds for this machine is from 5000 to 80,000 rpm. The machining platform can be used for high feed rate and high cutting speed working condition; meanwhile, it can achieve the milling condition of a low feed rate. Its minimum feed rate is 0.1 µm/rev for the X-, Y-, and Z axes. Meanwhile, the X-and Y-axis are the workpiece rectangular surface, which is the plane at the beginning of the milling process. The cutting force parameter was measured by Kistler dynamometer piezoelectric device (9256C2), which was set up to record the forces from X-, Y-, and Z-axes, instantly. 
Micro-End-Mill
Uncoated two-flutes micro-end tools with 1 mm nominal diameter were used in this research. Additional tool specifications are shown in Table 1 . The cutting-edge radius for the new tool was 1.5 µm, which was measured using SEM as shown in Figure 7 . 
Machine Setup
Micro-End-Mill
Micro Milling Conditions
Two sets of micro milling experiments have been used to gain an understanding of the suitability for machining of the nanocomposites. One set was designed to determine the effect of content on the surface morphology, and the purpose of the other set was to quantify the size effect. The aim of the first experiment is to study the milling process through three level (5, 10, and 15 µm/rev) of feed per tooth and 6 levels (15.7, 31.4, 62.8, 94.2, 125.6, 188.4 m/min) of cutting speed. The cutting conditions in the first set of experiments are shown in Table 2 . The parameters of this set combined those in the machinability study of polymer/GNP from Arora et al. [36] and the machinability study of Mg/nanofiller from Teng et al. [37] . The aim of the second set of experiments was to determine the size effect and minimum chip thickness (MCT) of nanocomposites, and the milling conditions detailed in Table 3 . The parameters of this set were taken from the size study of Mg/nano filler from Teng et al. [37] . Each test was repeated twice so that the accuracy of the experimental results could be ensured. The milling depth in both experiments was 0.1 mm. The dimensions of the specimens used for these tests were 14 mm × 70 mm × 3 mm. 
Two sets of micro milling experiments have been used to gain an understanding of the suitability for machining of the nanocomposites. One set was designed to determine the effect of content on the surface morphology, and the purpose of the other set was to quantify the size effect. The aim of the first experiment is to study the milling process through three level (5, 10, and 15 µm/rev) of feed per tooth and 6 levels (15.7, 31.4, 62.8, 94.2, 125.6, 188.4 m/min) of cutting speed. The cutting conditions in the first set of experiments are shown in Table 2 . The parameters of this set combined those in the machinability study of polymer/GNP from Arora et al. [36] and the machinability study of Mg/nanofiller from Teng et al. [37] . The aim of the second set of experiments was to determine the size effect and minimum chip thickness (MCT) of nanocomposites, and the milling conditions detailed in Table 3 . The parameters of this set were taken from the size study of Mg/nano filler from Teng et al. [37] . Each test was repeated twice so that the accuracy of the experimental results could be ensured. The milling depth in both experiments was 0.1 mm. The dimensions of the specimens used for these tests were 14 mm × 70 mm × 3 mm. An ultrasonic bath was used to clean the machined samples before surface measure. A portable surface roughness measurement instrument (Mitutoyo Talysurf SJ-310) was used to measure the surface roughness of the bottom machined slot surface. Five measurements were taken from different points to ensure measurement accuracy [33] . Surface morphology was also analyzed using a scanning electron microscope (Hitachi TM3030). Upon machining, the evident appearance of chip adhesion on the tool was analyzed using energy dispersive X-ray spectroscopy (EDX).
Tool Wear Measurement
Tool wear is a very important factor that can influence the surface roughness, surface morphology, and burr formation [38] [39] [40] [41] [42] [43] [44] . Previous studies have shown that the main source of error in a final milled micropart is tool deflection due to tool wear [38, 44] . In this experiment, we measured the flank wear of the tool. In order to quantify the effect of nano filler loading on tool wear, a separate set of machining tests were conducted. The tool was first characterized under a SEM microscope by observing its initial condition. The tool run consisted of 150 13 mm long half-immersion cut and remove 196 mm 3 volume of polyester/halloysite nano clay 1.0 wt% nanocomposites. The volume removed for every slot was 1.3 mm 3 (1 mm × 13 mm × 0.1 mm). The axial depth-of-cut, FPT, and spindle speed were maintained at 0.1 mm, 5 µm, and 40,000 rpm, respectively, for the duration of each runs. At the end of each run, the tool tip was imaged under the SEM to record the extent of wear. Figure 8 shows the relationship between feed per tooth and surface roughness of polyester/ halloysite nano clay nanocomposites. It shows that the addition of halloysite nano clay led to a slight increase in surface roughness. This may be due to the fracture toughness increase with the GNP content increase [42] . Meanwhile, the addition of nano clay did not change the machining character of brittle material of polymer that surface roughness increased with feed per tooth (FPT) value increase [36] . This is due to the limited effect of halloysite nano clay on improving fracture toughness [43] . If the nanoparticle can significantly improve the fracture toughness [43, 45] , the surface roughness of polymer composites will first decrease and then increase as the value of FPT increase. The increase of fracture toughness is too small to cause a change in the facture mode [43] . Hence, polyester/halloysite nano clay still has machining character of brittle material.
Results and Discussion
Surface Roughness
Meanwhile, the surface roughness increased with the FPT. This is because the fracture crack tip is affected by normal tangential load when the tool is in contact, with the significant concentrations of residual tensile and shear stresses are formed around the cutting area at high feed per tooth. This can cause internal micro-cracks when machining at higher feed rates [46] . In order to achieve good surface quality, the value of FPT should be kept below 2 µm. 
Cutting Force Analysis
Determining the resulting cutting force and specific cutting energy were the two main methods used in the analysis of the machinability of brittle material. Specific cutting energy is the energy taken to remove a unit volume of the material and can be used as an indicator in evaluate the size effect. Using the computed thrust force, F F , and the cutting force, F F , specific cutting energy, U, is calculated using the trapeze integration method shown in Equation (1) [47] .
where V V and V V are the cutting speed (m/min) and the material removal volume (mm3), while T T is the cutting time (seconds). Figure 9 shows the specific cutting energy of various polyester/halloysite nano clays. Regardless of the machining parameters, higher specific cutting energy reflecting the dominance of ductile mode machining were observed at low feed per tooth (≤0.3 µm) [33] . When the feed per tooth exceeded 0.5 µm, the facture mode gradually developed to brittle fracture. Hence, the transition between ductile to brittle machining mode occurred between 0.3 to 0.5 µm. When the feed per tooth was below 0.3 µm, the higher specific cutting energy can be attributed to the shearing of material by the tool cutting edge along a defect-free plane. Meanwhile, the extremely high specific cutting energy at the FPT of 0.05 µm could be explained by the potential dominance of ploughing. The interfacial friction between the tool flank face and newly machined surfaces caused the extremely highly specific cutting energy. When the feed per tooth was over 0.5 µm, the specific cutting energy became relatively stable [33] . In order to achieve machined surfaces without any surface defects, the FPT should be below 0.3 µm under the ductile mode. Due to the addition of nanoparticles, the specific cutting energy of polyester/halloysite nano clay had an upward trend. This may be due to three reasons. One is that the storage modulus increased with clay content increase [48, 49] . Meanwhile, the highest specific cutting energy was observed by 0.1 wt% reinforcement instead of 1.0 wt%. This indicates that nano clay clusters may act as flaws, hence lowering the storage modulus from the expected level [21] . A second possibility is that the interfacial shear strength increases slightly as nano clay content increase [50] . Thirdly, the presence of nano clay may slightly increase the fracture toughness [43] . 
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Surface Morphology
For brittle materials, when the FPT was less than the minimum cutting thickness (MCT), ploughing occurred, and the ploughing process caused the complex deformation of the machined surface. Therefore, it is necessary to select appropriately milling conditions, such as cutting speed and feed rate, in order to understand the factors influencing surface formation in polyester/halloysite nano clay. Figure 11 shows SEM graphs of typical machined slots. Here, different polyester/halloysite nano clay at FPT = 5.0, 10.0, and 15.0 µm showed no significant differences in machined slots. In order to more thoroughly understand the effect of nano clay on the surface morphology, images of the bottom machined surface were collected at zoom = 600× and 6000×, as shown in Figures 12 and 13 . Figure 12 shows that tool marks are clearly present on the polyester/halloysite nano clay composites. However, tool marks do not significantly differ with various particle contents. This is because fracture toughness did not significantly influence the halloysite nano clay content [43] . Figure 12 shows SEM graphs of the slot bottom of various polyester/halloysite nano clay by zoom 6000×. As for plain polyester, with the increase of FPT, the trend of surface morphology changed. There are many microcracks on the machined surface on the small FPT value. With the increase of FPT, many small micro-pits appear on the surface. This is due to the fracture mode changing from ductile to brittle mode with the increase in FPT [33] . With increasing halloysite nano clay content, micro-crack, and micro-pit frequency was reduced. There are two reasons for this: Firstly, the addition of halloysite nano clay lowers the stress crack resistance [21] , and secondly, the fracture toughness increases slightly. 
For brittle materials, when the FPT was less than the minimum cutting thickness (MCT), ploughing occurred, and the ploughing process caused the complex deformation of the machined surface. Therefore, it is necessary to select appropriately milling conditions, such as cutting speed and feed rate, in order to understand the factors influencing surface formation in polyester/halloysite nano clay. Figure 11 shows SEM graphs of typical machined slots. Here, different polyester/halloysite nano clay at FPT = 5.0, 10.0, and 15.0 µm showed no significant differences in machined slots. In order to more thoroughly understand the effect of nano clay on the surface morphology, images of the bottom machined surface were collected at zoom = 600× and 6000×, as shown in Figures 12 and 13 . Figure 12 shows that tool marks are clearly present on the polyester/halloysite nano clay composites. However, tool marks do not significantly differ with various particle contents. This is because fracture toughness did not significantly influence the halloysite nano clay content [43] . Figure 12 shows SEM graphs of the slot bottom of various polyester/halloysite nano clay by zoom 6000×. As for plain polyester, with the increase of FPT, the trend of surface morphology changed. There are many microcracks on the machined surface on the small FPT value. With the increase of FPT, many small micro-pits appear on the surface. This is due to the fracture mode changing from ductile to brittle mode with the increase in FPT [33] . With increasing halloysite nano clay content, micro-crack, and micro-pit frequency was reduced. There are two reasons for this: Firstly, the addition of halloysite nano clay lowers the stress crack resistance [21] , and secondly, the fracture toughness increases slightly. Figure 14 shows the 1 mm uncoated tool characterized by both SEM and EDX after removal of 196 mm 3 of polyester/halloysite nano clay 1.0 wt% nanocomposites at cutting conditions of 40,000 rpm spindle speed and 5 µm FPT. The chip adhesion on the tool surface may be related to generation of heat in the cutting zone during machining [52] . The kinetic energy supplied by the compressive motion from a negative effective rake angled tool is converted into heat during the material removal process due to plastic deformation. The high temperature generated within the cutting zone may increase the diffusion rate and chemical interactions between the cutting tool and the polyester nanocomposites workpiece [33] . Figure 12a shows nanocomposites adhered onto the rake face of the tool. The flank wear of the tool was considered to have undergone a series of effects, from thermal to Figure 14 shows the 1 mm uncoated tool characterized by both SEM and EDX after removal of 196 mm 3 of polyester/halloysite nano clay 1.0 wt% nanocomposites at cutting conditions of 40,000 rpm spindle speed and 5 µm FPT. The chip adhesion on the tool surface may be related to generation of heat in the cutting zone during machining [52] . The kinetic energy supplied by the compressive motion from a negative effective rake angled tool is converted into heat during the material removal process due to plastic deformation. The high temperature generated within the cutting zone may increase the diffusion rate and chemical interactions between the cutting tool and the polyester nanocomposites workpiece [33] . Figure 12a shows nanocomposites adhered onto the rake face of the tool. The flank wear of the tool was considered to have undergone a series of effects, from thermal to Figure 14 shows the 1 mm uncoated tool characterized by both SEM and EDX after removal of 196 mm 3 of polyester/halloysite nano clay 1.0 wt% nanocomposites at cutting conditions of 40,000 rpm spindle speed and 5 µm FPT. The chip adhesion on the tool surface may be related to generation of heat in the cutting zone during machining [52] . The kinetic energy supplied by the compressive motion from a negative effective rake angled tool is converted into heat during the material removal process due to plastic deformation. The high temperature generated within the cutting zone may increase the diffusion rate and chemical interactions between the cutting tool and the polyester nanocomposites workpiece [33] . Figure 12 shows nanocomposites adhered onto the rake face of the tool. The flank wear of the tool was considered to have undergone a series of effects, from thermal to the tribo-chemical reaction. It consisted of surface oxidation (also observed by the EDX analysis in Figure 8 ) and the formation of polymer oxidation-like particles that adhered to the uncoated tool. In addition, the crater wear did not occur in this study. The resulting flank wear V B was 0.012 mm. This value is very small compared to metal matrix nanocomposites [53] . Figure 8b ) and the formation of polymer oxidation-like particles that adhered to the uncoated tool. In addition, the crater wear did not occur in this study. The resulting flank wear VB was 0.012 mm. This value is very small compared to metal matrix nanocomposites [53] . 
Tool Wear
Conclusion
The micro-milling machining of plain polyester and polyester reinforced with halloysite nano clay (0.1, 0.3, 0.7, 1.0 wt%) was investigated using 1 mm uncoated tools. The study encompassed evaluations of nano filler content and cutting conditions on surface topography, surface roughness, and cutting force. The following conclusions can be drawn:
• As the nanoparticle content increases, surface roughness of the machined surfaces increases. In order to achieve good surface quality, the FPT value should be below 2 µm.
•
The machined surfaces exhibit uniform machining marks when machining at small values of feed per tooth (≤0.3 µm) under the ductile mode. Due to the addition of nanoparticles, the specific cutting energy of polyester/halloysite nano clay has an upward trend. This is due to the storage modulus increasing with clay loading, and the fact that the interfacial shear strength increased slightly with higher nano clay loading. 
Conclusions
•
The machined surfaces exhibit uniform machining marks when machining at small values of feed per tooth (≤0.3 µm) under the ductile mode. Due to the addition of nanoparticles, the specific cutting energy of polyester/halloysite nano clay has an upward trend. This is due to the storage modulus increasing with clay loading, and the fact that the interfacial shear strength increased slightly with higher nano clay loading.
A maximum flank wear VB of 0.012 mm was measured after removing 196 mm 3 from the workpiece. Funding: This research received no external funding.
